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The growth and characterization of CdTe epijtax~a~ layers on CdTe and ~nSb by metalorganic chemical vapor deposition Epitaxial layers of CdTe were grown on CdTe and InSb substrates by metalorganic chemical vapor deposition using dimethylcadmium and dimethyltelluride as alkyl sources. Specular CdTe layers were grown on InSb at temperatures between 350 and 375 ·C with serious out-diffusion of In from substrates. Dimethyltelluride is the controlling species of this growth system. Typical growth rates were 4 to 7 fLmlh. Low-temperature photoluminescent measurements revealed the superior quality of epitaxial1ayers grown on CdTe substrates. The bound-exciton emission at 1.590 eV and the band-edge emission at 1.548 eV are the dominant peaks. Homostructure CdTe epitaxial layers grown between 330 and 41O·C possess the best surface morphology. Hole concentrations in the 1Ol3-cm -3 range and a carrier mobility over 100 cm 2 IV sec were observed in these layers at 77 K. The highest hole mobility is 555 cm
I. INTRODUCTION
CdTe is a large-band-gap versatile n-VI compound semiconductor, known for its wide use in infrared detectors, 1 y-ray detectors, 2 and solar cells. 3 Because of the close lattice match with Hgx Cd t ... x Te and the inherent high resistivity, CdTe is used as substrate and huffer layer in preparing Hgx Cd l _ x Te infrared detectors. Several methods, including liquid-phase epitaxy,4 vapor-phase epitaxy,S chemical transport,6 molecular beam epitaxy7,8 (MBE), laser-assisted deposition, 9 and metal-organic chemcial vapor deposition 10-16 (MOCVD), had been reported on the preparation of CdTe epitaxial layers. But for the considerations of simplicity ease of control, lower growth temperature, and the potential of in situ growth of Hg x Cd l _ x Te, MOCVD is the most attractive method in preparing CdTe layers.
Different metal-alkyl source combinations had been used in the growth of CdTe epitaxial layers by MOCVD. Diethyltelluride (DE-Te) and dimethylcadmium (DMCd) were used to grow single-crystal CdTe epitaxial layers by Mullin, Irvine, and Ashen, 10 netsov et al. 16 used a resistance oven as a heating source to study the growth mechanism, and found that the CdTe epitaxial layer ceases to grow at temperatures beyond 400 DC. In their study, a few optical absorption and resistivity measurement results were reported. Since DMTe is more stable than DETe,14 most of the published data on MOCVD growth of CdTe epitaxial layers were concentrated on results obtained by using DETe and DMCd source materials. Nevertheless, Kuznetsov et al. 16 pointed out that a lower growth temperature is possible by using DMTe and DMCd sources to grow CdTe epitaxial layers. In this study, DMTe and DMCd are used as metal-organic sources to grow CdTe epitaxial layers in the temperature range between 275 and 450·C in a rfheated cold-wall system.
Due to the inherent properties of the CdTe materia], such as low thermal conductivity,17 mechanical fragility, and a pronounced tendency to form twining the low-angle grain boundaries,18 high-quality large-area CdTe substrates are not available. This problem coulld be avoided by growing a thin CdTe film on a different high-quality crystal substrate as the buffer layer for subsequent Hg x Cd] _ x Te epitaxial growth. Several candidates have been proposed in MBE growth ofCdTe epitaxial layers, such as GaAs, 9 InSb, 18 Si, 19 and sapphire. 20 In this work, both [lll]-oriented CdTe and InSb were used as substrates. Various growth temperatures had been used to optimize the best growth condition. Usually, the growth was carried out with equal amount of metal alkyls. However, different [DMTe]/[DMCd} ratios were used to investigate the growth mechanism. Grown layers had been examined by x-ray diffraction, low-temperature (14-K) PL measurements, Hall. measurements, and electron-probe microanalysis (EPMA). These results were compared with CdTe epitaxial layers prepared from DETe and DMCd source materials. [10] [11] [12] [13] [14] 
II. EXPERIMENTS
The epitaxial layers were grown at approximately atmospheric pressure in a rf-heated cold-wall horizontal reactor. Temperature reservoirs were used to control the metal-alkyl temperatures. With a four-channel mass flow controller, the amount of reactants put into reaction could be adjusted precisely. In a typical case, liquid DMTe is maintained at 0 DC with a equilibrium vapor pressure of approximately 13.8 Torr, and DMCd is kept at 7 DC with a vapor pressure near 14.4 Torr. Palladium-diffused ultrapure hydrogen was used as carrier gas at a flow rate no more than 50 cc/min for each channel, which is bubbled through a metal-alkyl container to ensure that the carrier gas is completely saturated with metal-organic vapor. A l-Ilmin hydrogen stream was added immediately after the metal-alkyl container stage to dilute the reactant concentration and prevent it from condensing on the transport lines. The waste gases at the outlet of the growth chamber are passed through a resistance-heated furnace held at 800 ·C, an activated carbon cell, and a burn-off unit to eliminate the harmful residual metal alkyls.
Semi-insulating (111) A CdTe and n-type (111) B InSb single crystals were used as substrates. After degreasing, a few micrometers of polished InSb and CdTe substrates were removed by chemical etching in a lactic-acid-HN0 3 mixture (9 : 1 ratio) and diluted-Br-methanol mixture, respectively. The growth is started by heating the substrate on a SiC-coated graphite susceptor in a pure hydrogen flow. At the same time, H2 carrier gases were allowed to bring out metal alkyls and flowed directly through the bypass route for at least 5 min to stabilize the flow. As the substrate temperature reaches the preset value, the growth was started by flowing in both DMTe and DMCd. After the desired growth period, the metal-alkyl sources were shut off and the substrate was kept at the growth temperature for 5 more minutes under a I-Ilmin hydrogen flow to eliminate the residual reactants. Then the rf power was turned off to complete the growth cycle.
The surface morphology and composition of the epitaxiallayers were examined by using optical microscope, scanning electron microscope (SEM), and EPMA technique. The thickness of the CdTe epitaxial. layer grown on the InSb substrate can be measured directly on a cleaved facet after selective etching in a 9 : 11actic-acid-HN0 3 mixture for 1 min. For homostructure layers, the thickness was calculated through weight increased after growth. Low-temperature (14-K) PL measurements were carried out ~ith a system consisting of a 2-WAr-ion laser source (4880-A line), a 0.5-m monochromater, and a Si photodetector. Hall measurements were performed on layers grown on a semi-insulating CdTe substrates. Ohmic contacts for p-type layers were formed by pressing lithium metal onto the sample under a helium environment and annealing at 300 DC.
m. IRESUl TS AND DISCUSSIONS

A. Surface morphology
The photomicrograph of a 3.6-pm-thick CdTe epitaxial layer grown on (111)B InSb at 350 DC with equal amounts of DMTe and DMCd is shown in Fig. I(a) . Generally, the surface is smooth with only minor growth pyramids and is comparable to the layer grown on a CdTe substrate, as shown in Fig. lIb) . The surface morphology of the CdTe epitxial layer is strongly dependent on the growth temperature. For epitaxial layers grown on InSb substrates, the best morphology was grown between 350 and 375 DC. Below 350 DC, the layer shows a scaldike surface due to the lack of surface mobility of the deposited molecular layers. For growth at temperatures above 375 DC, a rugged and pyramidal surface was obtained owing to the low melting point of the InSb substrate.
For growth taking place on CdTe, the best surface morphology was obtained around a growth temperature of 400 DC. Figure lIb) shows such a smooth and. fl. at surface with onl.y a few hexagonally shaped defects. Epilayers deposited at temperatures between 300 and 400 DC always show a pyramidal surface structure. As the growth temperature was raised beyong 425 DC, a rough and faceted surface was obtained. 
B. Growth rate
In MOCVD growth processes, the substrate temperature supplies the decomposition energy to the metal-organic reactants, and plays a very important role on the growth rate of the epitaxial layer. For an open flow system, the measured growth rate is also related to the characteristics of reactants and their flow rates. 21 In our system, when DMTe or DMCd is heated alone, significant deposition of Te or Cd will not start until 400 and 300 DC, respectively. A similar phenomenon was also observed by Mullin, Irvine, and Ashen 10 and Kuznetsov et al. 16 However, when DMTe and DMCd sources appear at the same time, the decomposition temperature is lowered drastically and the growth can occur at temperatures as low as 275 ·C.
The growth rates ofCdTe epilayers grown on CdTe and InSb substrates with 8.5 X 10-2 mol % of DMCd and DMTe concentrations are shown in Fig. 2 . The rates increase linearly with temperature between 275 and 365·C and approach a maximum growth rate of 7 pmlh. In this temperature range, the growth rate is controlled by the reaction kinetics and the activation energy is 20 kcallmol for growth on both substrates. This is comparable to the value of 24 kcallmol reported by Kuznetsov et a/. 16 Above 365 ·C, the growth rate falls off gradually. The reason of decreasing growth rates at high temperature ranges in this work is attributed to the increased tendence of gas-phase dissociation of metal alkyls. 16 This is different from the result reported by Mullin, Irvine, and Ashen, IO where DETe and DMCd were used as alkyl sources. In their case, the growth rate is nearly constant in the temperature range above 350·C due to an adduct-formation mechansim. As shown in Fig. 2 -r---.--'---.----,-:...-.,.-- 
12r-----------------------____ -.
C. X-ray characterization
Crystal qualities were checked by x-ray and EPMA techniques. X-ray diffraction measurements indicate that single-crystal CdTe (11 1.) epilayers can only be grown on InSb (111) substrates at temperature between 310 and 400 dc. For layers grown at temperatures above 400 ·C, polycrystalline character was observed. This is attributed to the degrading of the low-melting-point JnSb substrate surface or the deposition of gas-phase-decomposed metal-organic reactants.
13 For J.ayers grown at temperatures below 300 ·C, epitaxial layers also shown a polycrystalline character for the lack of surface-diffusion ability. The CdTe layer grown on a (1111.4 CdTe substrate always shows single-crystal structure at growth temperatures up to 500 ·C. The fun width at half maximum (lFWHM) of the (511) diffraction peak in CdTe epitaxial layers are narrower than both InSb and CdTe substrates, and were reduced by 25% and 15%, respectively.
Compositions of the grown epitaxial layers were exam- 410·C were depicted in Fig. 6 . Indium was traced on all CdTe epilayer surfaces grown on JnSb substrates. However, the interdiffusion ofSb, Cd, and Te are not severe as In. The serious out-diffusion of In from the InSb substrate may impose an application limitation on devices fabricated on a InSb substrate.
O. Opt!cal property
The optical properties ofCdTe epilayers grown at different temperatures with equal amounts ofDMTe and DMCd were characterized by low-temperature (14-K) PL measurements. Figure 7 shows the PL spectra ofCdTe layers grown on JnSb substrates at various temperatures. The bound-exciton-related emission line near 1..590 eV (Ref. 22 ) and the band-edge emission peak near 1.548 eV (Ref. 22 ) are observed in all samples grown below 4OO.C. Two different kinds of deep-level bands exist in samples grown within a certain temperature range. For samples grown between 330 and 375 DC, the deep-level emission is located at 1.498 eV with added La-phonon replicas of about 0.021 eVapart.
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These might be caused by impurity incorporation or In outdiffusion from the substrate. On the other hand, a defectrel.ated deep band centered around 1.42 eV (Ref. 24) appears in samples grown below 330 and above 375·C. As for the layer grown at 410 ·C, the bound-exciton and band-edge emission peaks disappeared and the fine structures due to La phonons were diminished. The broad PL band revealed the deterioration of the crystal grown at such a high temperature. Nevertheless, Ghandhi and Bhat l3 reported that the band-to-band transition was resolved in samples prepared at temperatures higher than 4OO·C under excess PETe or DMCd conditions. The 14-K PL spectra ofCdTe epilayers grown at 310, 330,350,400, and 41O·C on CdTe substrates are shown in Fig. 8 . Similar to layers grown on InSb substrates, they all possess a bound-exciton-related emission line near 1.590 eV and a band-edge emission peak near 1.548 eV. For layers grown at temperatures below 330 and above 400 ·C, the PL spectra are dominated by the deep-level emission centered near 1.498 e V and its LO-phonon replicas. The nearly diminished exciton intensity reveals the poor crystal quality in these epitaxial layers. Therefore, it is inadequate to grow CdTe layers in these temperature ranges. However, when the growth occurred between 330 and 400 ·C, the boundexciton emission and the impurity-related edge emission are the major PL peaks. The best CdTe epilayer was prepared around 350·C for the strong emission peak at 1.590 eV and the clearly resolved LO-phonon replicas. This is much better than the PL spectrum from the CdTe substrate, which consists of a broad 1.42-e V band and a weak exciton peak. The intensity ratio of the bound-exction emission at the 1.590-to 1.498-eV deep emission peaks are shown in Fig. 9 as a function of growth temperatures. Epitaxial layers grown between 340 and 380 ·C show the highest ratio and thus possess better crystal quality. The FWHM of the bound-exciton emission peak is only 8.17 meV and is much narrower than those grown on GaAs by MBE.25
From the PL spectra we found that the high-quality InSb substrate does not lead to a better epitaxialiy grown CdTe layer. On the other hand, epilayers grown on CdTe substrates could sustain a higher growth temperature and resulted in a better crystal quality.
E. Electrical properties
The electrical properties of CdTe epilayers grown on semi-insulating CdTe (Ill) substrates were measured at 77 K by the van der Pauw method. The measured carrier concentrations and mobilities are displayed in Fig. 10 as a function of growth temperatures. The epilayers grown at temperatures below 330 and above 41O·C show n-type conductivity. The carrier concentration increases from 1013 cm-3 to more than 10 15 cm-3 as the growth temperature is increased or decreased from 400 or 330 ·C, respectively. The electron mobilities in this range are, in general, very poor. As compared with the corresponding PL spectra, it was found that they all possess a deep emission band centered around 1.45 eV. These results indicate that the quality of epitaxial layers grown on this temperature range has deteriorated.
For layers grown between 330 and 410 ·C, they show ptype conductivity just like the undoped CdTe bulk crystal. 26 p-type carrier, e; mobility, m.
The hole concentrations are in the high-10 13 -cm-3 range with hole mobilities over 100 cm 2 IV sec, which is comparable to epilayers prepared with using DETe as the Te source. 10 The layer grown at 400 ·C has the highest mobility of 555 cm 2 IV sec at 77 K and approaches the theoretical limit.22 These results along with the strong bound-exciton emission in PL spectra indicate that high-quality CdTe layers can be prepared on CdTe substrates by MOCVD.
IV. CONCLUSIONS
Specular CdTe epitaxial layer were grown on (1 tI)A CdTeand (11l)B InSbbythe MOCVDmethod with DMTe and DMCd as source materials. The activation energy of the growth on both substrates in the kinetics regime is 20 kcaI! mol.. Over a limited range DMTe is the key element in controlling the growth rate of the CdTe epilayer. For CdTe deposited on InSb substrates, a strong out-diffusion of In was observed, and optical properties of epilayers deteriorated. Although the epilayer grown on an lnSb substrate possess a better crystal structure, the autodoping of In from the substrate might limit its applications in the preparation of Hgx Cd I _ x Te photodetectors. Low-temperature (14-K) PL measurements indicate that the quality of epilayers grown on CdTe substrates are superior to those ofInSb. The sample grown on CdTe around 350·C shows a strong bound-exciton emission at 1.590 eV with a FWHM of 8.17 meV and a much weaker 1.548-e V band-edge emission. In addition, the x-ray diffraction peaks of the epitaxial layer being narrower than those of the CdTe substrate reveals the better crystal quality of the epilayer. It could be used as buffer layer to improve the Hg x Cd l _ x Te device properties. Hall measurements performed on homostructure CdTe epilayers at 77 K indicate that p-type epitaxial layers could be grown between 330 and 410 ·C, which correspond to a range with good PL spectra. The carrier concentrations are in the 10 13 -cm -3 762 J. Appl. Phys., Vol. 58, No.2, 15 July 1985 range with a hole mobility above 100 cm 2 IV sec. Layers grown outside this temperature range show n-type conductivity, poor electron mobility, and a PL spectrum dominated by a deep level at 1.498 eV. The fine PL spectra, the narrower FWHM in x-ray diffraction peaks, and the high Hall mobilities indicate that high-quality CdTe epitaxia11ayers could be grown on CdTe substrates by MOCVD in a temperature range between 340 and 400 ·C.
